The present review summarises the potential nutritional and physiological functions of betaine as a feed additive in relation to performance criteria in livestock production. Betaine, the trimethyl derivative of the amino acid glycine, is a metabolite of plant and animal tissues. In plants, betaine is particularly synthesised and accumulated as an osmoprotectant against salt and temperature stress. In animals, betaine is the product of choline oxidation or it originates from nutritional sources. Over the past decades, numerous studies have been carried out to investigate the potential effects of betaine supplementation on animal performance. Due to its chemical structure, betaine shows the characteristics of a dipolar zwitterion resulting in osmoprotective properties. Promoting effects on the intestinal tract against osmotic stress occurring during diarrhoea or coccidiosis have been reported following betaine supplementation in pigs and poultry. There is also some evidence that dietary betaine may improve the digestibility of specific nutrients. As a product of choline oxidation, betaine is involved in transmethylation reactions of the organism. Betaine as a methyl donor provides its labile methyl groups for the synthesis of several metabolically active substances such as creatine and carnitine. Supplementation with betaine may decrease the requirement for other methyl donors such as methionine and choline. There is also some evidence for enhanced methionine availability after dietary supplementation of betaine resulting in improved animal performance. Alterations in the distribution pattern of protein and fat in the body have been reported following betaine supplementation. A more efficient use of dietary protein may result from a methionine-sparing effect of betaine, but also direct interactions of betaine with metabolism-regulating factors have to be considered. Though the mode of action of betaine as a carcass modifier remains open, there is, however, growing evidence that betaine could have a positive impact both on animal performance and carcass quality.
Introduction
Betaine is the trimethyl derivative of the amino acid glycine. As a by-product of sugarbeet processing, betaine is commercially available as a feed additive. Due to its chemical structure (Fig. 1 ), various functions have been described for the betaine molecule. In plants (for example, Robinson & Jones, 1986 ), bacteria (for example, Le Rudulier et al. 1984) , and marine organisms (for example, Clarke et al. 1994) , betaine is a widely distributed osmoprotectant. Also in higher vertebrates there is some evidence that betaine is used by numerous tissues as an osmolyte (for example, Law & Burg, 1991) . The osmotic activity of betaine has to be attributed to its dipolar zwitterion characteristics and its high solubility in water (Chambers & Kunin, 1985) . Furthermore, betaine provides three methyl groups which can be used in transmethylation reactions for the synthesis of numerous substances such as carnitine and creatine (for example, Kidd et al. 1997) . Finally, by virtue of its chemical structure, betaine shows the characteristics of the amino acid glycine as well. Due to both its methyl donor and its amino acid function, betaine is involved in protein and energy metabolism. In animal nutrition, betaine is widely discussed as a 'carcass modifier' due to its lipotropic and growth-promoting effects. The objective of the present paper is to review the potential nutritional and physiological functions of betaine in ruminants and single-stomached animals.
Dietary sources of betaine
In plants and bacteria, betaine often is produced and accumulated in order to cope with salt and temperature stress (for example, Kuznetsov & Shevyakova, 1997; Xing & Rajashekar, 2001) . In Table 1 , the betaine content of selected feed ingredients is summarised. Sugarbeets contain exceptionally high levels of betaine which accumulate in condensed molasses solubles, a by-product of sugarbeet processing. In addition, considerable amounts of betaine have been found in wheat bran (Westberg, 1951) and wheat (E Virtanen, cited by Kidd et al. 1997) . Nevertheless, betaine is also available as a feed additive in purified form. The most popular forms of feed-grade betaine are anhydrous betaine, betaine monophosphate and betaine hydrochloride. In terms of possible betaine effects in animal nutrition the chemical properties of these substances have to be recognised. Betaine hydrochloride shows lower solubility in water when compared with anhydrous betaine and betaine monohydrate (EU-Safety Data Sheet, 1999a,b,c) , thereby reducing its osmolytic capacity. On the other hand, betaine hydrochloride supports the pH decline in the stomach, thereby potentially improving nutrient digestibility in a mode different from that of betaine. Since the purified forms of betaine commonly originate from the extraction of molasses solubles, the use the latter is also suggested as a dietary source of betaine. However, molasses solubles show high mineral contents which, in turn, may interfere with the osmolytic capacity of betaine.
Physiological and nutritional functions of betaine
Betaine as an osmotic active substance
In vertebrates, betaine accumulation is stimulated by external hyperosmolarity in the renal cells (Bagnasco et al. 1986; Nakanishi et al. 1990; Moeckel & Lien, 1997) and macrophages (Warskulat et al. 1995; Zhang et al. 1996) . Betaine also acts as an organic osmolyte in mouse embryos (Dawson & Baltz, 1997) , mouse hybridoma cells (Oyaas et al. 1995) , rat liver sinusoidal epithelial cells Wettstein et al. 1998) , rat hepatic stellate cells (Peters-Regehr et al. 1999 ) and chick embryo fibroblasts (Tramacere et al. 1984; Petronini et al. 1992) . Osmolytes are particularly important in situations of cellular dehydration since these compounds help to minimise water loss against a prevailing osmotic gradient (Klasing et al. 2002) . Betaine exerts an osmoprotective effect by accumulating in cell organelles and cells exposed to osmotic and ionic stress, thereby replacing inorganic ions and protecting enzymes as well as cell membranes from inactivation by inorganic ions (Petronini et al. 1992) . Changes in cell water volume are known to affect cell activity. For example, a slight increase in the volume of liver cells directs the cells into a more anabolic state, whereas the reverse may happen with loss of water (Haussinger, 1998) . Thus, water homeostasis is an important factor for cells exposed to different osmotic pressures. Furthermore, it is known that endothelial cells exposed to a hyperosmotic media stop cell proliferation and undergo apoptosis (Alfieri et al. 2002) . Betaine has been shown to exert anti-apoptotic effects and to promote cell proliferation in a hyperosmotic medium (Alfieri et al. 2002) . Finally, there is some evidence that betaine reduces energy expenditure for ion pumping in cells exposed to hyperosmotic media (Moeckel et al. 2002) . The spared energy may promote cell proliferation as well.
Osmotic capacity of betaine in the gut
Intestinal cells always have to cope with variable osmotic media since the luminal content of the intestine is hyperosmotic in relation to blood plasma (Mongin, 1976) . Moreover, the process of nutrient digestion and absorption necessitates osmolytic protection mechanisms since intestinal cells mediate the exchange of water, small solutes such as ions, nutrients and macromolecules between plasma and intestinal fluid. Betaine is thought to be an important organic osmolyte for the control of the osmotic pressure inside the intestinal epithelial cells (Hochachka & Somero, 1984) . Osmotic protection would allow for the maintenance of water balance and intestinal cell volume, thereby facilitating secretion of digestive enzymes. If betaine stimulates cell proliferation in the intestinal tissue, the enlarged gut wall epithelium would provide an increased surface for nutrient absorption. Effects of betaine as an osmotic active substance may be more pronounced in animals exposed to osmotic disorders such as coccidiosis in poultry.
Betaine and coccidiosis
Intestinal parasites commonly infect vertebrates, and coccidia are prevalent pathogens in chicks. These pathogens infect the intestinum and cause pathological lesions which are visible both macroscopically and microscopically. Malabsorption and diarrhoea are typical symptoms of coccidiosis. Betaine is known to positively influence water balance of broilers exposed to coccidia (Teeter et al. 1999) , and to reduce faecal water content in turkeys (Ferket, 1995) and broilers (Remus et al. 1995) . Reductions in faecal water content and decreased morbidity have been reported in weaned pigs as well . The results of some investigations with broiler chicks even showed that betaine might improve the efficacy of coccidiostats as indicated by improved animal performance (for example, Virtanen et al. 1993; Augustine et al. 1997) . Ionophore coccidiostats as such disturb the osmotic balance of the gut which may be attenuated by dietary betaine. Augustine et al. (1997) suggested that betaine may contribute to the improved performance of coccidian-infected chicks directly, by partial inhibition of coccidial invasion and development, and indirectly, by an improvement of the intestinal structure and function in the presence of a coccidial infection. This improvement of the intestinal structure might occur in both infected and healthy animals, and may affect nutrient digestibility.
Effect of betaine on gut development and nutrient digestibility of healthy and infected animals

Betaine and gut development
There is convincing evidence that betaine supports intestinal growth and function. Betaine accumulation results in an increased water-binding capacity of the intestinal cells (Kettunen et al. 2001a ) and promotes changes in the structure of the gut epithelium. Enhanced tensile structure has been reported in chicks (Remus & Quarles, 2000) and gut strength was improved in pigs (Siljander-Rasi et al. 2003) . Fernandez-Figares et al. (2002) showed that supplemental betaine at a level of 0·125 % increased small-intestinal weights of pigs, whereas at higher levels a decrease in the weight of the small intestine was reported. According to , the villus height is increased in the duodenum of weaned pigs, and the villi are more uniform following dietary betaine supplementation. Klasing et al. (2002) showed in chicks that the reduction of villus height caused by coccidia infection is reduced after dietary betaine supplementation. According to Kettunen et al. (2001c) , supplemental betaine results in a decrease in the crypt:villus ratio in both coccidian-infected and healthy chicks, and the lesion score is reduced in coccidian-infected chicks . Since the process of nutrient digestion and absorption is dependent on an intact gut epithelium, the osmolytic capacity of betaine might positively affect digestibility.
There is convincing evidence that betaine is highly digestible when fed to pigs. Studies by Weigand & Kirchgessner (1981) showed that betaine originating from condensed molasses solubles is completely absorbed in the gastrointestinal tract. In addition, these authors reported that about three-quarters of the absorbed betaine are retained. It has to be emphasised, however, that the total level of betaine in this study amounted to more than 3 % which is considerably higher than average dietary betaine levels originating from other native sources (Table 1) or from purified betaine (Tables 2 to 7) . It remains open whether the digestibility and absorption of betaine is dependent on the source and level of betaine in the diet. According to Kettunen et al. (2001c) , most of the betaine in purified form is absorbed by the mid-jejunum in broiler chicks. However, there is a lack of information about the digestibility and absorption of betaine originating from feed ingredients other than sugarbeet by-products. Since betaine molecules originating from plant tissues show a high degree of solubility in water (for example, Bessieres et al. 1999), it can be assumed that native betaine from other dietary sources is also highly absorbable. However, part of the betaine in plant tissues might also be enclosed in cell-wall materials, thereby escaping digestion and absorption from the intestinal tract. According to Kettunen et al. (2001b) , intestinal uptake of betaine originating from wheat is slower compared with purified betaine. Since the addition of purified betaine to betaine-rich diets showed positive effects on growth performance (for example, Cromwell et al. 1999) , it can be assumed that there exist differences in availability between native and purified betaine sources.
The uptake of betaine is generally linked to two kinds of transport systems; amino acid transport system A (Petronini et al. 1994 ) and betaine -g amino butyric acid transporter (BGT-1; Petronini et al. 2000) . In terms of the intestinal tissue of broiler chicks, Kettunen et al. (2001b) showed that an Na þ -dependent and an Na þ -independent component are involved. With respect to the Na þ -dependent transport, the absorption rate of betaine in broiler chicks increases following supplementation of betaine to the diet (Kettunen et al. 2001b ). There is, however, some evidence that the absorption rate of betaine is dose-dependent. Two different levels of betaine were duodenally infused in calves . The lower infusion level was associated with a higher intestinal absorption capacity as indicated by an enhanced intestinal muscle-cell activity, whereas at the higher level a decrease of the intestinal muscle-cell activity was observed.
Betaine and nutrient digestibility
The osmolytic property of betaine supports intestinal cell growth and survival and enhances cell activity, thereby potentially influencing nutrient digestibility. In weaned pigs, the total digestibility of DM and crude protein was improved by 4·2 and 6·4 %, respectively, when betaine was added to the diet . In coccidian-challenged broilers, betaine improved the digestibility of methionine (Augustine & Danforth, 1999) , protein, lysine, fat and carotenoid (Remus et al. 1995) . In addition, intestinal cell activity increases as indicated by a 52 % higher activity of proteolytic enzymes in weaned pigs following dietary supplementation of betaine . Overland et al. (1999) reported improved crude fat digestibilities in pigs following dietary supplementation with trimethylamine oxide ((CH 3 ) 3 NO), a bacterial metabolite of betaine. This substance is structured similar to betaine with the exception that the glycine in the molecule is replaced by oxygen. However, negative effects of trimethylamine have also been reported such as fish taint (for example, Zentek, 2002) . We have also shown (M Eklund, J Wamatu, M Tafaj and R Mosenthin, unpublished results) improved fat digestibility due to betaine supplementation. In this study with weaned pigs, betaine supplementation of a methionine-and cholinedeficient diet increased the total tract digestibility of crude fat by 6·6 %. According to Overland et al. (1999) , improvements in fat digestibility could be attributed to an increased bile volume due to enhanced bile secretion. In addition, the bile-salt conjugates required for fat digestion consist mainly of glycine (for example, Souffrant, 1991) . Since betaine is metabolised to glycine, supplemental betaine might improve fat digestibility as well. It has to be recognised that betaine, with respect to its methyl donor function, is involved in the synthesis of the chylomicrons (Sparks & Sparks, 1994; Yao & McLeod, 1994) which are involved in the absorption of fat. Therefore, positive effects of betaine on fat digestibility may be related to the methyl groups supplied by betaine.
Transepithelial electrophysiological studies suggest that betaine changes the transport of ions in the intestinal epithelium of pigs (Kettunen et al. 2001a) . Since betaine uptake is in part characterised as an Na þ -dependent co-transport (Kettunen et al. 2001b) , supplemental dietary betaine might result in higher absorption rates of Na þ and Na þ -dependent ions. Our own unpublished results (M Eklund, J Wamatu, M Tafaj and R Mosenthin, unpublished results) confirm that dietary betaine has a positive effect on the absorption of minerals in weaned pigs.
In ruminants, dietary supplementation with betaine-rich sugarbeet by-products resulted in improved microbial fermentation of the neutral-detergent fibre fraction, which is reflected in an enhanced ruminal production of volatile fatty acids (Wiedmeier et al. 1992) . Similarly, the degree of fermentation in the digestive tract of single-stomached , significant increase relative to control (no betaine supplementation).
* Second half of fattening period. , Significant increase relative to control (no betaine supplementation); -, no effect. , Significant increase relative to control (no betaine supplementation); -, no effect; SUN, serum urea-N; # , significant decrease relative to control (no betaine supplementation). animals seems to be affected by dietary betaine supplementation. In broiler chicks, intestinal lactic acid and volatile fatty acid production were enhanced (Kettunen et al. 1999) . Changes in bacterial fermentation activity in the gut due to dietary betaine supplementation are supported by our own unpublished results (M Eklund, J Wamatu, M Tafaj and R Mosenthin, unpublished results). The addition of betaine to a methyl group-deficient diet for weaned pigs improved crude fibre digestibility by 7 %. Alterations in microbial fermentation activity could be due to betaine-induced reductions of the osmolality in the digestive tract, as determined in the duodenum of chicks (Klasing et al. 2002) . Improved nutrient digestibility could also be the result of a betaine-induced increase in the contractile activity of the duodenal smooth muscle cells ). This increase is associated with enhanced pancreatic secretion and digesta mixing. However, the influence of betaine on intestinal muscle cell activity seems to be dose-dependent with higher levels reducing muscle-cell activity, thus possibly decreasing the absorption capacity of the duodenum .
Osmotic capacity of betaine in the muscle tissue
The effect of betaine as an osmolyte is not exclusively restricted to the gut. For example, in kidney cells of rabbits betaine is used to compensate for the osmotic stress caused by electrolytes and urea (Yancey & Burg, 1989 ) and in the liver betaine is a potent protectant against bile acid-induced apoptosis (Graf et al. 2002) . Additionally, it has been shown that betaine accumulates in muscle cells of pigs (Matthews et al. 2001c) , thus possibly affecting meat quality. Alterations in the water-retention capacity of the muscle tissue following dietary betaine supplementation may increase total body weight and carcass weight as well (Esteve- Garcia & Mack, 2000) . Enhanced water-retention capacity can be due to different mechanisms. Increased water retention may be attributed to the osmolytic capacity of the accumulated betaine. Furthermore, increased mineral absorption and retention following dietary supplementation of betaine may also contribute to an increased waterretention capacity of the muscle tissue (Esteve- Garcia & Mack, 2000) . However, a higher body water content may also be explained by an increase in body lean:fat ratio.
Some studies suggest a close relationship between the pH of meat and supplemental dietary betaine. The initial pH of the meat was increased in pigs, in association with a decreased drip loss of the meat, when betaine was supplemented to the diet (Matthews et al. 2001c) . The pH decline of the meat after slaughtering is induced by lactic acid accumulation. The slower decline in pH induced by betaine supplementation might be attributed to a reduced lactic acid accumulation, thus affecting meat quality. The retarded decline in pH results in reduced protein denaturation which, in turn, decreases the water loss of the meat (Matthews et al. 2001c ). It has also been shown that dietary betaine reduces lactic acid accumulation in the muscle tissue of horses (Warren et al. 1999) . Additionally, betaine may potentially influence meat quality by attenuating pHinduced enzyme inactivation in the meat. Finally, betaine may affect the pH of the meat via its promoting effect on muscle creatine content (for example, Zhan & Xu, 1999) . Creatine maintains phosphate within the muscle cells which results in a higher buffer capacity in the cells, thereby retarding the post mortem pH drop caused by accumulation of lactic acid (Pettigrew & Esnaola, 2001) .
Betaine as a methyl donor
Methyl group metabolism
The fundamental principles of methyl group metabolism have been published in several reviews (for example, Snoswell & Xue, 1987; Kidd et al. 1997; Simon, 1999) . Fig. 2 provides an overview of methyl group metabolism. Methyl groups are required for the synthesis of numerous substances such as creatine, phosphatidylcholine, carnitine, adrenaline, methyl purines as well as methylated amino acids. The methyl group transfer is achieved by the activation of methionine as a methyl donor to S-adenosyl methionine (SAM). This activation enables the transfer of the methyl group from methionine to a methyl group acceptor. In this reaction, SAM is degraded to S-adenosyl homocysteine and subsequently to homocysteine (HC) which is involved in two different metabolic pathways. Firstly, HC can be irreversibly transformed to cysteine which, in turn, can be utilised for protein synthesis. Secondly, it can be re-methylated by other methyl sources to form methionine. The re-methylation to methionine is achieved by two different enzymes: betainehomocysteine-methyltransferase (BHMT; EC 2.1.1.5) or tetrahydrofolate-methyltransferase (THFMT; EC 2.1.1.13).
BHMT specifically catalyses the transport of the preformed labile methyl group from the betaine molecule to HC. Betaine commonly originates from the oxidation of choline, but dietary betaine can be used as a methyl donor as well. The methyl group transfer results in the transformation of betaine to dimethylglycine which still contains two methyl groups. These methyl groups can be split off through oxidation in the form of one-carbon fragments. During this reaction dimethylglycine is degraded to sarcosine and finally to glycine. The one-carbon fragments from dimethylglycine as well as from other sources such as formic acid or carboxyl groups of other organic acids are used to synthesise methyl groups de novo via the tetrahydrofolate pathway. The onecarbon fragments bind to the tetrahydrofolate molecule and are transferred via the enzyme THFMT to HC.
Regulation of the transmethylation cycle
In metabolic reactions, protein synthesis and the formation of SAM compete for the available methionine. Thus, the metabolite HC has to be distributed between two competing pathways (Finkelstein & Martin, 1984) . Under nonphysiological conditions, such as deficiency of either methyl donors or acceptors, the accumulation of methionine and HC is thought to be toxic to cells (Hafez et al. 1978) . Therefore, regulation of the transmethylation cycle is required to maintain physiological levels of HC and methionine (Finkelstein, 1998) . Generally, methionineconserving and methionine-catabolising enzymes are involved. To allow the distribution of HC during the pathways two mechanisms are suggested: (1) low HC levels induce the transmethylation pathway since the enzymes involved in the transmethylation process show high affinity to HC. If the capacity of these enzymes is reached the transsulfuration pathway is favoured in which SAM acts as a switch.
(2) High SAM levels as a consequence of high dietary methionine levels facilitate the trans-sulfuration pathway and limit HC re-methylation by inhibition of the methylating enzymes and by activation of the transsulfuration pathway. In contrast, low HC levels promote the conservation of HC. In addition, glycine seems to have a fundamental role in maintaining balance in the transmethylation cycle (Rowling et al. 2002) . If methyl acceptors are in short supply, the methyl groups of SAM are transferred to glycine. The involved enzyme shows high affinity, the products are non-toxic and the methyl groups can be regenerated if they are required afterwards. Changes of SAM and HC levels as well as BHMT activity in plasma as a result of methyl group supply are highly dependent on the actual balance in the transmethylation cycle (Emmert et al. 1996 (Emmert et al. , 1998 . According to Emmert et al. (1996) , methionine-deficient diets will cause an increase in BHMT activity in poultry. A further increase of BHMT activity in pigs and poultry is observed when methionine-deficient diets are supplemented with choline or betaine (Emmert et al. 1996 (Emmert et al. , 1998 . The highest increase was reported when the diet was simultaneously supplemented with cystine. These results indicate that at high concentrations of cystine the methylation pathway is the only possibility to eliminate HC. An increase in BHMT activity has been observed in pigs (for example, Emmert et al. 1998 ) and poultry (for example, Emmert et al. 1996) when betaine was added to the diets. However, the plasma levels of HC in calves ) and SAM in the liver of broiler chicks (Kettunen et al. 2001c) were not affected. Thus, it can be assumed that the supplementation of betaine enhances the recycling rate of HC through higher BHMT activities, thereby maintaining SAM and HC at constant levels. However, these conclusions must not be generalised since Schwab et al. (2002) showed that dietary betaine reduces plasma HC levels in human subjects. Even so, it has to be considered that methyl donors in excess could interfere with the balance of the transmethylation cycle as supported by animal performance data. Southern et al. (1986) showed that, in pigs, excessive dietary choline has a negative effect on growth performance. This growth depression might be explained by a deficiency in methyl acceptors (Steinmetzer, 1972) .
Betaine as a functional substitute for methionine and choline
The main function of methionine with regard to the transmethylation cycle is the transfer of the methyl groups from different origins to the acceptor molecules. However, methionine is also required for protein synthesis, since it is an essential amino acid and a precursor of cysteine. Choline, a betaine precursor, is also essentially required for a number of physiological functions such as membrane synthesis or formation of acetylcholine. In addition, it can be assumed that choline oxidation may be a rate-limiting step in the synthesis of betaine, since the addition of choline to diets for pigs was not as efficient as the addition of dietary betaine (Siljander-Rasi et al. 2003) . Choline and methionine are both used as feed additives in livestock nutrition. Thus, besides the function of betaine as a methyl donor, there is economic interest in reducing the dietary supply of choline and methionine by adding betaine to the diet in order to meet the animal's methyl group requirement. In addition, the supplementation of betaine might enhance methionine and choline availability.
Numerous investigations have been carried out to evaluate the effect of dietary betaine supplementation on animal performance. These studies have focused on the effect of betaine as a substitute for methionine and choline. Additionally, some interest was directed to the function of supplemental betaine in methyl donor-adequate diets.
It is generally accepted that diets for ruminants supply low levels of methyl donors because dietary choline (Neill et al. 1979; Dawson et al. 1981 ) and betaine (Mitchell et al. 1979) are degraded by ruminal microbes. The use of either protected choline in calves or lipidcoated betaine as feed additives in methionine-deficient diets for heifers (Löest et al. 2001 ) did not affect weight gain or feed conversion. Since the results of a feeding trial with lambs showed that betaine can positively improve animal performance (Fernadez et al. 1998 ), more attention should be directed to the degradation characteristics of betaine in the rumen. In lactating ewes, which are known to secrete considerable amounts of methyl compounds such as choline, creatinine and carnitine into the milk, it has been shown that during lactation, the activity of THFMT is enhanced but not the activity of BHMT (Xue & Snoswell, 1985b) . Snoswell & Xue (1987) concluded that due to the limited supply of methyl donors to ruminants, the THFMT pathway rather than the BHMT pathway is of physiological importance. Thus, in ruminants there seems to be no basic requirement for preformed labile methyl groups as provided by the betaine molecule. Since sheep exhibit BHMT activity in response to betaine administration (Xue & Snoswell, 1985a) , it remains open whether metabolically available betaine in ruminants will improve animal performance.
In pigs (for example, Emmert et al. 1998; Wang et al. 2000b ) and poultry (for example, Xu & Zhan, 1998; Wang, 2000) , it has been shown that following betaine supplementation, the activity of BHMT increases, indicating that these species have a specific requirement for preformed labile methyl groups. Pigs (Emmert et al. 1998) , in general, show higher BHMT levels compared with other species (Sidransky & Farber, 1960) . Therefore, it can be assumed that pigs are highly dependent on the supply of the preformed labile methyl groups as provided by the betaine molecule. However, in contrast with the results obtained in poultry (for example, Sakomura et al. 1996) , betaine apparently cannot replace methionine or choline in diets for pigs (for example, Alaviuhkola & Suomi, 1990; Matthews et al. 2001a) . The lack of response in pigs compared with the results in poultry may be attributed to considerable differences in the choline requirement between pigs (0·3 -0·6 g/kg; National Research Council, 1998), and poultry (0·75 -1·3 g/kg; National Research Council, 1994). Secondly, the requirement for cystine is higher in poultry compared with pigs, thereby possibly enhancing the transsulfuration pathway and indirectly increasing the methylation rates. Based on the values for choline requirement in pigs it is obvious that feed ingredients provide sufficient choline. However, total choline content may not always represent the amount of choline which is available for oxidation to betaine since most of the choline is bound to phospholipids. Pesti et al. (1979) showed that the dietary addition of betaine and methionine can replace each other in broiler chicks. Florou-Paneri et al. (1997) showed that between 30 and 80 % of the supplemental methionine can be substituted by betaine without negative effects on performance. According to Garcia et al. (1999) , however, the bioavailability of betaine is only 50 -67 % compared with methionine based on daily gain and feed conversion. reported that growth performance and feed efficiency in broiler chicks were linear in response to methionine and betaine supplementation. In these studies, betaine was twice as efficient as methionine. According to the results of several other studies, betaine and methionine cannot replace each other (for example, Schutte et al. 1997; McDevitt et al. 2000) . The extent to which methionine can be substituted by betaine may depend on the dietary supply of cystine as well. Methionine will be exclusively used for protein synthesis when the animal's cystine requirement is met. Otherwise, part of the methionine will be irreversibly degraded to cysteine. Interactions between betaine and cystine supplementation are confirmed by the results of Firman & Remus (1999) , who showed that the combination of dietary cystine and betaine had a positive impact on feed conversion in broiler chicks compared with these additives fed alone.
Efficacy of methionine replacement by betaine
Efficacy of choline replacement by betaine
Estimates for choline requirement in poultry reveal that 25 % may be supplied as betaine (Lowry et al. 1987) . Stekol et al. (1953) even showed that choline is relatively inefficient in the methylation of HC and creatine in broilers when compared with betaine, which was also confirmed in pigs (Siljander-Rasi et al. 2003) . A higher efficacy of betaine in poultry as compared with pigs may partly be attributed to the use of ionophore coccidiostats in poultry diets which inhibit the activity of choline oxidase (Tyler, 1977) , and, therefore, additional betaine might be required for an adequate supply of labile methyl groups.
Betaine supplementation to methyl group-adequate diets
Animal performance and carcass quality
Following the intraduodenal infusion of betaine, concentrations of plasma methionine, cystine and glycine increased in calves ) and small ruminants (Puchala et al. 1995) ; however, cystine levels were not affected in small ruminants. The increase in glycine concentration reveals that complete de-methylation of betaine occurs which makes methyl groups available for metabolic functions. Since plasma methionine and cystine concentrations are also enhanced, higher availabilities of sulfurous amino acids can be assumed. For example, enhanced feather growth in poultry following betaine supplementation confirms the improvement in sulfur amino acid availability . Since methionine and cystine are essentially required for protein synthesis, the feeding of methionine-deficient diets results in growth depression. Consequently, any improvement in the availability of sulfur amino acids due to betaine supplementation to the diet will have a positive effect on growth performance. The addition of betaine to methyl donor-adequate diets improves weight gain in poultry (for example, Wang, 2000) and pigs (for example, Wang & Xu, 1999; , though the results of several other studies reveal no effect of supplemental betaine on animal performance (Table 2) . Additionally, results from different studies in pigs, poultry (Table 3 ) and lambs (Fernandez et al. 2000) indicate considerable changes in carcass composition. Due to reductions in carcass fat content and higher percentages of lean carcass, betaine is often referred to as a 'carcass modifier'. In poultry, reductions in abdominal fat were obtained (for example, McDevitt et al. 2000; Wang, 2000) and breast-muscle yield was enhanced (for example, Firman & Remus, 1999) (Table 3 ). In pigs, carcass fat content was reduced by as much as 10 to 18 % (Wang et al. 2000b; Fernandez-Figares et al. 2002) (Table 3) . Additionally, there was an increase in the lean content of the carcass ranging between 4 and 8 % (for example, Wang & Xu, 1999; Yu et al. 2001) . The reduction of total carcass fat content is reflected by reductions in backfat thickness in pigs (for example, Wang & Xu, 1999; Matthews et al. 2001c) . Increases in carcass leanness can be attributed to an increase in carcass length (Matthews et al. 2001a ) and greater loin depth in pigs (for example, Cera & Schinckel, 1995) (Table 3) .
Some authors explain the mode of action of betaine as a 'carcass modifier' with the methyl donor capacity of betaine. The improvement of carcass lean percentage can be attributed to the higher availability of methionine and cystine for protein deposition in betaine-supplemented diets (McDevitt et al. 2000) . The consequent improvement in utilisation of dietary amino acids for protein synthesis would leave less amino acids for deamination and eventual synthesis of adipose tissue (Wallis, 1999) . Additionally, it has been shown that betaine supplementation enhances the synthesis of methylated compounds such as carnitine. In broiler chicks (for example, Xu & Zhan, 1998) and pigs (for example, Yu et al. 2001) , carnitine concentrations in liver and muscle are increased from 9 % up to 53 % (Table  4 ). Carnitine is required for the transport of fatty acids through the inner mitochondrial membrane where fatty acid oxidation takes place (Stryer, 1988) . Dietary carnitine addition has been shown to reduce carcass and liver lipid content in pigs (for example, Owen et al. 1996) . Thus, provided that supplementation of betaine enhances carnitine synthesis, betaine may have a positive effect on the reduction of carcass fat content as well. Moreover, the synthesis and secretion of phosphatidylcholine and apo B are limiting factors in the synthesis of VLDL and chylomicrons (Sparks & Sparks, 1994; Yao & McLeod, 1994) . VLDL prevents the deposition of fat in the liver and accelerates the removal of fat from the liver (Yao & Vance, 1990) . Dietary betaine has been shown to support the synthesis of phosphatidylcholine from phosphatidylethanolamine and may therefore affect liver fat metabolism (Yao & Vance, 1989) . Additionally, betaine may improve choline availability, thus providing more choline for the synthesis of VLDL. There is also growing evidence that BHMT enhances the synthesis of apo B in liver cells due to methyl group supply (Sowden et al. 1999) . Alterations of fat metabolism following betaine supplementation are supported by the results obtained in several studies with poultry and pigs (Table 5 ). In laying hens, lipase activity was enhanced and a decrease in the concentration of triacylglycerols and cholesterol in serum was observed (for example, Zou et al. 1998) . In broiler chicks, the level of NEFA in serum is increased (Xu & Zhan, 1998) . Interestingly, the intramuscular fat content is not negatively affected (Wang et al. 2000b) (Table 4 ). For example, Kettunen et al. (2001b) showed an increased binding of 60 % of the recovered betaine to the lipid fraction in the liver, which, in turn, indicates interactions with the lipid metabolism. Betaine may have been used for the synthesis of phospholipids or choline. In contrast, labelled betaine was detected in the water phase obtained from breastmuscle tissue suggesting the presence of free betaine or derivatives in muscle cells. Consequently, betaine may not interfere with the intramuscular fat depots.
Interactions of betaine with growth-regulating and metabolic factors
In a comparative study, Schutte et al. (1997) supplied methionine-adequate diets with either methionine or betaine. The results showed that betaine, but not methionine, improved carcass yield. Thus, the mode of action of betaine as a 'carcass modifier' cannot only be mediated via a methionine-sparing effect but also may reflect direct interactions of betaine and its metabolites with factors involved in the regulation of metabolic pathways affecting growth. In pigs and poultry, it has been shown that supplemented betaine elevates the plasma growth hormone (GH) level between 46 and 102 % (for example, Yu et al. 2001 ) (Table 6 ). Furthermore, there was an increase in insulin-like growth factor-1 levels in plasma between 39 and 75 % (Wang & Xu, 1999; Yu et al. 2001) (Table 6 ). In human subjects, the infusion of glycine enhances plasma GH levels (Kasai et al. 1980) . Glycine is thought to play an important role in the control of the hypothalamic -pituitary function (Kasai et al. 1980) . Therefore, it can be assumed that the effect of betaine on GH levels is mediated via its metabolite glycine, based on the fact that betaine is degraded to glycine . The alterations of carcass composition in different species following the dietary addition of betaine resemble results obtained after the injection of GH (for example, Chung et al. 1985; Etherton et al. 1986 ). Following GH application, pigs show improvements in weight gain and carcass lean percentage due to a more efficient protein synthesis, while fat deposition is reduced. Interactions of betaine with the hormonal system are also supported by the results of other studies in pigs and poultry (Table 6 ). According to Zou et al. (1998) , Zou (2001) and Zou & Lu (2002) the dietary supplementation of betaine increases serum levels of several hormones such as luteinising hormone, follicle-stimulating hormone, triiodothyronine, thyroxine, oestradiol and progesterone in laying hens. Though the direct interactions of betaine with these hormones are not completely understood yet, there is some evidence that betaine is linked to triiodothyronine and thyroxine secretions, since thyroidectomy induces an increase in the activity of BHMT (Shibata et al. 2003) .
The increase in the concentrations of methylated substances such as carnitine (for example, ) and creatine (Xu & Feng, 1998) in muscle tissue (Zhan & Xu, 1999) and creatinine in serum samples is often related to the methyl donor capacity of betaine. Increased GH levels due to dietary betaine supplementation will affect the metabolic requirement for these methylated compounds. GH induces fatty acid oxidation resulting in higher carnitine requirement (for example, Goodman et al. 1988) . GH may be also involved in the control of the rate of creatine uptake by the muscle tissue (Tan & Ungar, 1979) . Enhanced DNA and RNA methylation rates as observed in the muscle tissue of pigs (Xu & Feng, 1998) and poultry (Zhan, 2000) may be related to higher muscle-cell synthesis following the increase in GH levels as shown in rats (Flaim et al. 1978) . The requirement for the above-mentioned methylated compounds increases during betaine-induced elevations in GH levels. Since the required methyl groups may be provided by the betaine molecule, it can be speculated whether betaine promotes their synthesis simultaneously.
Effects of betaine on energy and nitrogen utilisation
Improvements in feed conversion ratio ranging between 2·8 and 7·9 % in laying hens (for example, Zou & Lu, 2002) and pigs (for example, Xu et al. 1999a,c) were reported when betaine was added to the diet (Table 7) . This may be explained by a more efficient utilisation of dietary protein for lean accretion which is supported by reduced blood urea-N levels, increased N retention and reduced requirement for metabolisable energy. Dietary betaine supplementation has been shown to reduce serum or plasma urea-N content in pigs by up to 47 % (for example, Xu et al. 1999a) (Table 5 ). Blood urea-N levels correlate with the protein turnover rate. According to Coma et al. (1995) , N retention is maximised when urea-N is minimised. These results indicate that supplemental betaine can reduce protein turnover rate resulting in higher N retention which, in turn, has a positive effect on carcass leanness. Following the post-ruminal infusion of betaine, steers showed a trend towards an increased N retention (Löest et al. 1999) . These results were confirmed in pigs which showed a trend towards an improved N utilisation following betaine supplementation of the diet (Webel, 1994) . A lower rate of protein breakdown is also reflected by a reduced urinary N excretion as shown in pigs .
The energy required for breakdown and re-synthesis of body protein as well as for N excretion contributes to a great extent to the animal's energy requirement for maintenance. Schrama et al. (2003) and Campbell et al. (1997) showed that the maintenance requirement for energy is reduced in pigs receiving betaine-supplemented diets. Provided that adequate dietary protein is available, a more efficient protein synthesis may be assumed. Otherwise, in contrast with the aforementioned lipotropic properties of betaine, increases in energy retention may enhance fat accretion. Löest et al. (1998) showed that dietary betaine addition may result in higher carcass fatness in steers.
According to Esteve- Garcia et al. (2000) and Fernandez-Figares et al. (2002) the viscera weight in pigs, and poultry in particular, is reduced when betaine is added to the diet. Since these organs are associated with the highest protein turnover rate in the whole body (Blaxter, 1989) , reductions in the maintenance requirement for energy may be expected. However, improvements in energy availability can also be due to the osmolytic properties of betaine as described earlier (p. 32).
Factors affecting the efficacy of betaine
Inconsistency in the effects of betaine on growth performance and carcass composition in relation to the protein and energy content of the diet have been frequently reported and have been related to different factors (for example, Haydon et al. 1995; Matthews et al. 1998; Garcia et al. 2000; Lawrence et al. 2002) . Though the addition of betaine improves energy availability, betaine is an N-containing substance which requires energy to be excreted. Consequently, increasing the dietary betaine level may reduce its efficacy. While Fernandez-Figares et al. (2002) showed positive linear relationships between betaine effects and betaine levels, Xu et al. (1999b) reported that the efficiency of supplemental betaine is reduced at dietary levels above 0·08 %.
Environmental conditions such as stress modulate the mode of action of betaine. Kitt et al. (1999) showed trends to improved shoulder weight in crowded pigs fed diets supplemented with betaine. However, according to Matthews et al. (2001b) , betaine reduces water loss in the meat of normally housed pigs, while water loss is increased in crowded pigs. In normally housed pigs, serum urea-N is reduced, while in crowded pigs fed diets with supplemental betaine serum urea-N values were elevated.
Age, sex and genetics influence the capacity for lean accretion and the amount of fat deposition and consequently might interfere with the mode of action of betaine. An important factor for lipotropic agents is the initial degree of fatness of the animal, because lipotropic agents such as betaine should be more efficient in fat animals . Barrows, which are associated with higher capacity for fat accretion than gilts, showed 18·1 % reduction in backfat content, while the reduction in gilts was only 10·8 % (Wang & Xu, 1999) . According to Lawrence et al. (2002) , dietary betaine supplementation decreased backfat depth in barrows only. In contrast, betaine addition improved feed conversion in gilts but not in barrows (Cera & Schinckel, 1995) . It can be assumed that barrows in general show reduced protein turnover rates compared with gilts and, therefore, betaine is not as efficient in improving lean gain in barrows. The improvement in average daily gain is lower in weaned (8·7 %) than in grower -finisher (13·3 %) pigs . Feed conversion was also more improved in grower -finisher (7·9 %) (Xu et al. 1999a ) rather than in weaned pigs (2·2 %) (Xu et al. 1999c ). Due to their intensive growth, weaned pigs show a high capacity for lean accretion and, therefore, betaine can be more efficient in older animals. Also the time factor seems to affect the efficiency of dietary betaine. Schrama et al. (2003) showed that energy retention in pigs improves over time following the supplementation of betaine to the diet. According to Matthews et al. (1998 Matthews et al. ( , 2001b , weight gain (Matthews et al. 2001b ) and feed conversion (Matthews et al. 1998) are only improved during the late finishing period. Betaine may enhance the activity of the pituitary gland as indicated by an increased cAMP content and therefore the increase in GH level may be more probably caused by higher synthesis rates of GH than by short-term GH release. Consequently, metabolic responses to betaine may be timedependent as has been shown by Schrama et al. (2003) .
Implications
The osmoprotective properties of betaine may result in an increased proliferation of the intestinal structure which, in turn, may have a positive impact on animal health status and nutrient digestibility. Since the use of in-feed antibiotics will be restricted in the future, there will be growing interest in using betaine as a bioactive compound for improving gut health. Furthermore, betaine seems to contribute to a certain extent to a reduced requirement for methyl donors such as methionine and choline. There is also some evidence that betaine may improve the availabilities of methionine and choline or may interact with metabolic factors regulating growth such as GH and insulin-like growth factor-1. Additionally, considerable improvements in performance and carcass quality such as improved carcass quality and lower feed conversion have been reported. In particular, under certain physiological conditions, such as sub-optimal protein turnover, exposure to pathogens or osmotic stress, betaine may have a positive impact in livestock production. 
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